The ratio of zooplankton to phytoplankton (Z:P) standing stock biomass in freshwater lakes has been suggested to decline in highly productive systems. An increasingly large proportion of inedible phytoplankton, especially in eutrophic systems dominated by Cyanobacteria, is one possible mechanism for declining Z:P. We tested this hypothesis by calculating the biomass in phytoplankton and zooplankton samples collected from 173 culturally eutrophic lakes and estimating the change in the functional relationship between zooplankton and phytoplankton biomass after ignoring inedible Cyanobacteria. We found up to 2 orders of magnitude less zooplankton biomass than would be predicted at a given total phytoplankton biomass and that removing Cyanobacteria led to zooplankton biomass approaching the level expected based on remaining phytoplankton biomass. Z:P increased with the percentage of edible phytoplankton biomass, indicating greater zooplankton biomass in lakes with the least Cyanobacteria. The lower Z:P found in these eutrophic lakes likely results from 89% of the phytoplankton biomass being composed of Cyanobacteria, whose cells were significantly larger than other phytoplankton. These results suggest that zooplankton biomass is limited by a declining proportion of edible phytoplankton in the most productive lakes and illustrate how eutrophication leads to declining resource use efficiency by consumers.
Introduction
The concept of ecological pyramids (Elton 1927) introduced the theory of trophic structure and suggested that organisms consume resources smaller than they are so that the energetic requirements of large consumers are supported by a more numerous resource base of smaller organisms. Odum (1971) expanded this concept by proposing an ecosystem-wide pyramid based on biomass and production rates of organisms of different trophic levels. This theory has been applied to terrestrial and aquatic systems to predict food web structure (i.e., top-down and bottom-up control of ecosystem processes; Leibold et al. 1997 , Chase 2000 , Shurin et al. 2006 ) and as a predictor of production to respiration ratios and the importance of terrestrial carbon subsidies (del Giorgio et al. 1999) .
Empirically, ratios of standing biomass of trophic levels are frequently used to provide insight into the efficiency of trophic transfer through variations in resource use efficiency (biomass ratios) among ecosystems (Duarte et al. 2000, Hillebrand and Cardinale 2004) . This approach is most common at the primary producer level, comparing primary producer biomass to a given nutrient concentration (Ptacnik et al. 2008 , Olli et al. 2014 , and becomes less so across trophic levels. Unlike comparisons of rates of production, biomass pyramids can become inverted in systems with low standing stock of primary producers with high production rates, yielding a higher standing stock of consumers than producers at a given time.
Despite the general importance of this theory in the ecological literature, few attempts have directly characterized plankton biomass ratios in lakes through direct measurement of organisms of multiple trophic levels (McCauley and Kalff 1981, del Giorgio and Gasol 1995) . These previous works concentrated on studying the rela-Biomass pyramids in lake plankton
Inland Waters (2016) 6, pp. [250] [251] [252] [253] [254] [255] [256] [257] tionship between zooplankton and phytoplankton biomass in lakes across a range of trophic states and showed that planktonic systems can produce biomass pyramids dominated either by phytoplankton ("normal") or zooplankton ("inverted") biomass over a range of primary productivity levels. McCauley and Kalff (1981) suggested that normal biomass pyramids become more common as primary production increases, and del Giorgio and Gasol (1995) found evidence for both types of pyramids occurring with equivalent rates of primary production.
Several explanations have been proposed for the occurrence of both types of trophic pyramids across different lakes. For example, allochthonous subsidies of dissolved organic carbon in humic oligotrophic lakes possibly fuel increased bacterial production that could account for discrepancies in biomass pyramids across trophic states (del Giorgio et al. 1999) . The relative importance of this subsidy, however, even in oligotrophic systems, is an area of great debate in the scientific literature , Brett et al. 2012 . On the other end of the trophic spectrum, a change in the phytoplankton community structure in highly productive lakes could lead to an increased relative abundance of types of phytoplankton less edible due to their large size (McCauley and Kalff 1981, Watson et al. 1997) . In the latter case, the zooplankton:phytoplankton biomass ratio (Z:P), when excluding the inedible phytoplankton biomass, could be equivalent across trophic systems. Observed Z:P, however, would decline with increasing productivity due to an increase of inedible phytoplankton. This decoupling of phytoplankton and zooplankton biomass has been observed previously in systems with a high proportion of inedible phytoplankton biomass (Watson and McCauley 1988) . This study, however, was limited primarily to lakes of low or medium trophic status (mean total phosphorus [TP] < 30 µg L −1 in 65% of lakes) and included no data from hypereutrophic lakes (e.g., those with mean TP > 100 µg L
−1
). In one of the few studies including data from eutrophic and hypereutrophic lakes, Filstrup et al. (2014) demonstrated that zooplankton resource use efficiency (i.e., zooplankton biomass per unit phytoplankton biomass) was lowest in lakes dominated by the Cyanobacteria genus Microcystis and increased in lakes where Microcystis was less dominant. The underlying mechanism behind this relationship was not investigated.
In most freshwater lakes, primary producer biomass is positively correlated with phosphorus enrichment (Smith et al. 1999) , which is similarly correlated with the relative decline of eukaryotic algae (Watson et al. 1997 ) and the increasing relative abundance of Cyanobacteria ). This increasing abundance of Cyanobacteria, combined with evidence from laboratory studies indicating they are a poor food source for zooplankton (Lampert 1987 , Demott and Müller-Navarra 1997 , Wilson et al. 2006 , lends support to the hypothesis that the base of biomass pyramids should be increasingly dominated by inedible algae in hypereutrophic systems. Further, if the proportion of edible phytoplankton primarily limits Z:P, we would expect Z:P and the percentage of edible phytoplankton to be positively correlated, despite decreases in Z:P with overall phytoplankton biomass. Recent experimental studies have demonstrated that cyanobacterial toxins may not be as effective at reducing zooplankton grazing efficiency as originally believed (Chislock et al. 2013a (Chislock et al. , 2013b , so changing size structure of phytoplankton communities coinciding with increasing Cyanobacteria proportions may be the primary mechanism underlying this relationship.
To our knowledge, this hypothesis has not been empirically tested at the whole-lake level, and our objective was to do so using a large dataset covering eutrophic to hypereutrophic lakes encompassing some of the most productive systems in the world (Downing et al. 2008) . Our objectives were to (1) estimate Z:P in highly productive systems and (2) investigate the role of Cyanobacteria in forming the base of biomass pyramids in these systems. This study provides novel observational data on Z:P at previously uncharacterized levels of primary producer biomass as well as elucidates a possible mechanism for declining Z:P in these systems.
Study site
Plankton samples for this study were collected from 173 natural lakes and impoundments located in the state of Iowa (USA), an agriculturally intensive region of Midwestern North America (Fig. 1) . The lakes in this region were chosen because they represent some of the most nutrient-rich and productive lakes on the planet (Downing et al. 2008) . Nearly 90% of the land area in the region is in some form of agricultural use (Arbuckle and Downing 2001) , and most of the lakes in this study have been classified as hypereutrophic in respect to both TP concentrations and algal biomass (OECD 1982 ; mean TP:
).
Methods
The pelagic plankton communities in these lakes were sampled several times during the ice-free period between March and October from 2000 to 2009. Not all lakes were sampled in every year, and lakes were visited a variable number of times. The number of samples taken in each lake ranged from 1 to 59 (mean = 21). For each sampling event, 500 mL was collected from an integrated column sample of the upper mixed layer (up to 2 m). All samples were immediately preserved with Lugol's solution (APHA 2012) .
Removing inedible phytoplankton from the phytoplankton biomass estimates resulted in a 20% increase in the Model II slope to 0.79 ± 0.21. The Model II slope overlapped one at the 95% confidence interval, suggesting it was not significantly less than unity. The increase in Model II slope after removing inedible phytoplankton brought the coefficient estimate closer to those estimated across less productive systems, although the biomass ratio was still almost an order of magnitude lower than expected (Fig. 2) . The relationship between mean zooplankton biomass and edible phytoplankton biomass (PB edible ) was modeled as: log 10 ZB = 0.79 log 10 PB edible + 0.07.
( 2) Z:P was compared to the percent of edible phytoplankton biomass to assess whether the ratio of zooplankton and phytoplankton standing stock increased as the percent of edible phytoplankton increased. Z:P was significantly positively correlated with the percent edible phytoplankton (F 1,171 = 33.6, p < 0.001, r = 0.41; Fig. 3 ).
Copepods were the most abundant zooplankton across all lakes, comprising 50% of the crustacean zooplankton biomass on average compared to 19% for cladocerans. Within these 2 larger groups, Cyclopoida was the most common zooplankton with an average relative abundance of 24%. Other commonly occurring zooplankton, in descending order, were Calanoida (21%), Daphnia (19%), Ceriodaphnia (16%), Bosmina (12%), and Chydorus (8%). Copepods, in general, were larger than cladoceran zooplankton (mean lengths = 0.63 vs. 0.55 mm, respectively); however, cladocerans had a larger size rage (0.07-3.00 mm) due to a single occurrence of Leptodora in Big Creek Lake (mean size = 3.00 mm). Copepods ranged from 0.11 to 1.66 mm in length.
The average percentage biomass for Cyanobacteria ranged from 13 to 100% for the lakes in this study. The mean percentage biomass was 89% and the median was 94%, indicating a strong negative skew (Fig. 4) . Cyanobacteria became an increasingly large proportion of the total phytoplankton biomass as phytoplankton biomass increased (Fig. 5) and was at or near 100% of biomass when phytoplankton biomass was greatest. In all cases, lakes that averaged >10 5 µg L −1 phytoplankton biomass had >90% Cyanobacteria biomass. Zooplankton samples were collected from a vertical tow through the upper mixed layer using a 63 µm Wisconsin net and immediately preserved with a formalin solution containing sucrose (Haney and Hall 1973) . In total, 3670 unique samples were collected over 10 years.
Phytoplankton samples were analyzed for biomass and community composition using a Leitz DM IL inverted microscope at 200× magnification following the methods of Lund et al. (1958) . Phytoplankton were identified to genus, counted, and measured using a calibrated ocular reticle. Simple geometric formulae were used to calculate biovolume per liter (Hillebrand et al. 1999) , and biovolume was converted to wet biomass per liter (Holmes et al. 1969) . Because of the difficulty in resolving individual Cyanobacteria cells at 200× magnification, colonial Cyanobacteria forms were measured as natural taxonomic units (e.g., whole colonies) rather than individual cells. Phytoplankton size was standardized by converting biovolume to equivalent spherical diameter (ESD).
Zooplankton samples were analyzed using a Nikon SMZ 1500 stereoscopic zoom microscope at 96× magnification. Crustacean zooplankton were identified to genus for cladocerans and order for copepods. Individual zooplankton were counted and measured from digital micrographs using Image-Pro (Media Cybernetics, Inc.) software. Length-weight regressions were used to calculate dry mass per liter of the Cladocera and Copepoda (Dumont et al. 1975 , McCauley 1984 .
Model I least squares regression was used to estimate the linear relationship between zooplankton biomass and phytoplankton biomass. Model II regression was used to estimate the slope because it provides an estimate of the functional relationship between zooplankton and phytoplankton biomass, taking into account possible measurement error in both the dependent and independent variables (Ricker 1973) . The significance of the departure of the Model II slope from unity (one) was assessed using 95% confidence intervals around the slope, calculated by a nonparametric permutation test with 999 randomizations (Legendre and Legendre 2012) . The Model II regression slope was also used to compare slopes with and without the inedible (Cyanobacteria biomass) fraction removed to assess whether removal of inedible biomass produced a slope more similar to that previously documented in less productive systems. Zooplankton and phytoplankton biomass were log10 transformed to stabilize the variance and approximate a normal distribution.
The percent Cyanobacteria biomass was modeled against total phytoplankton biomass using a LOWESS fitted smooth with a span of 0.67 (Cleveland et al. 1992) to generate an area plot to illustrate the average proportion of Cyanobacteria present as primary producer biomass increased.
Data were averaged by lake so that all sampling events at a given lake were summarized to a single point (n = 173). All statistical analyses in this study were performed on these averaged data. Simple linear regression coefficients were weighted by the number of observations for each lake average. All analyses and plots were done using R, v2.11.1 (R Core Team 2013).
Results
In the eutrophic lakes in this study, zooplankton biomass was up to 2 orders of magnitude lower for a given phytoplankton biomass than predicted from a previously published empirical relationship of less productive lakes (McCauley and Kalff 1981; Fig. 2 ). This finding was most pronounced when phytoplankton biomass was highest, but even at intermediate phytoplankton biomass, fewer zooplankton were present than expected. Zooplankton biomass was significantly positively correlated with total phyphytoplankton biomass for the lakes in this study (F 1,171 = 42, p < 0.001, r = 0.44; Fig. 2 ). The Model II slope for total phytoplankton biomass was 0.59 ± 0.20 and did not overlap one at a 95% confidence interval (999 permutations; Table 1 ), which indicated a decreasing Z:P ratio at high phytoplankton biomass greater than that shown in previous work (McCauley and Kalff 1981: 0.78 ± 0.22; del Giorgio and Gasol: 1995 = 1.05). The relationship between mean zooplankton (ZB) and phytoplankton (PB) biomass was modeled as: log 10 ZB = 0.59 log 10 PB + 0.09.
(1) Cyanobacteria were significantly larger on average than other phytoplankton in a given lake (t 172 = 20.8, p < 0.001). The average equivalent spherical diameter of Cyanobacteria was 6 ± 0.6 µm larger than that of all other phytoplankton divisions (Cyanobacteria mean = 16 µm, SD = 4 µm; all other phytoplankton mean = 10 µm, SD = 2 µm; Fig. 6 ). Additionally, the average size of the overall phytoplankton community was significantly positively correlated with Cyanobacteria biomass (F 1,171 = 111.5, p < 0.001, r = 0.5; Fig. 7 ).
Discussion
The results from this study suggest that zooplankton biomass in hypereutrophic lakes is limited by the declining proportion of edible phytoplankton in these lakes. Although McCauley and Kalff (1981) found a decrease in Z:P at high phytoplankton biomass, zooplankton biomass in this study was 2 orders of magnitude less than they predicted per unit phytoplankton biomass and Z:P decreased at a 20% greater rate (Model II slope = 0.59). By removing the inedible fraction of the phytoplankton, our slope estimate increased by 20% (Model II slope = 0.79), indicating that a portion of the decline in resource use efficiency seen in these lakes was correlated with an increase in inedible phytoplankton at higher biomass.
Although removing the inedible phytoplankton brought the Model II slope more in line with previous studies, our regression estimates for zooplankton biomass were still less than those observed by McCauley and Kalff (1981; Fig. 2) , primarily due to the difference in the estimated Model II intercept (B 0 ) between the 2 models ( Table 1) . Regardless of the fraction of phytoplankton biomass used to predict zooplankton biomass, the intercept was near zero in our study (0.09 or 0.07 for total and edible fractions). This value suggests that zooplankton biomass was almost entirely supported by phytoplankton biomass in these systems. McCauley and Kalff's (1981) predicted relation- ship, however, had a positive intercept (1.04), indicating that zooplankton were supported by some alternative subsidy that could sustain it when phytoplankton biomass was very low. This finding supports previous research demonstrating that allochthonous sources of nutrition are increasingly important in less productive systems compared to the eutrophic systems of this study (del Giorgio and Gasol 1995 . Other studies have documented that even in oligotrophic systems allochthonous organic matter provide only a small percentage of zooplankton nutrition (Francis et al. 2011 , Brett et al. 2012 , Zigah et al. 2012 , however, so the issue is still unresolved. We found that Z:P increased significantly with the percent of edible phytoplankton present and hypothesize that zooplankton were using resources more efficiently when the percentage of small (<35 µm), non-Cyanobacteria present was high. This significant correlation indicated that in these most productive systems, the base of the biomass pyramid was composed of an increasing proportion of inedible phytoplankton. The relationship between zooplankton and only the edible portion of phytoplankton biomass, however, may remain consistent across trophic states. This hypothesis could be tested in the future by comparing the biomass ratios in less productive systems considering only the edible, non-Cyanobacteria, phytoplankton. We would expect the edible fraction to increase as total phytoplankton biomass declined due to decreased dominance by inedible colony-forming Cyanobacteria.
As other studies have predicted (Watson et al. 1997 , Filstrup et al. 2016 , the eutrophic to hypereutrophic lakes in this study were dominated by Cyanobacteria (mean: 89% by biomass). Previous studies have correlated a decline in Z:P with increasing primary productivity (McCauley and Kalff 1981, del Giorgio and Gasol 1995) . This study provides support for these findings, but also identifies a potential mechanism explaining observed relationships (Fig. 3) . In this study, lakes with <10 5 µg L −1 phytoplankton were highly variable in their percentage of Cyanobacteria (12-100%), but those over this threshold were >90% Cyanobacteria (Fig. 5) . Given that Cyanobacteria made up an increasingly large proportion of the base of the biomass pyramid as phytoplankton biomass increased, the efficiency of zooplankton herbivores using that increased biomass would affect the efficiency of energy transfer among trophic levels. Previous laboratory studies have found that Cyanobacteria may be a poor food source due to the production of toxic compounds, such as microcystins (Ghadouani et al. 2003) , but a meta-analysis of 66 laboratory studies (Wilson et al. 2006) found that this effect may be less important than other factors such as size and lack of nutritional value. Recent experimental studies have demonstrated that cyanobacterial toxins may not be effective at reducing zooplankton grazing efficiency (Chislock et al. 2013a (Chislock et al. , 2013b , potentially because zooplankton can become adapted to high toxin concentrations in highly productive lakes. Further, Demott and Mül-ler-Navarra (1997) demonstrated that Cyanobacteria provided little nutritional value to zooplankton grazers in laboratory trials.
Despite evidence from laboratory studies, few large-scale field studies have examined the correlation of size of Cyanobacteria with Z:P (Chan et al. 2004) . In this study, we found that Cyanobacteria were, on average, significantly larger than other phytoplankton divisions (Fig.  6 ). Based on in situ feeding studies, McCauley and Downing (1985) estimated that the optimal particle size for ingestion by cladocerans was 10 µm and found evidence for negative selection against particles >15 µm. This optimal size corresponded to the average size of the non-Cyanobacteria phytoplankton community (10 µm) in this study and lends support to our hypothesis that Cyanobacteria cells are being selected against due to their size (average size = 16 µm). Additionally, increased biomass of Cyanobacteria was positively correlated with the average cell size of the phytoplankton community (Fig.  7) . In lakes with the highest Cyanobacteria biomass, an increasingly large proportion of phytoplankton cells exceeded 35 µm, a size that most filter-feeding zooplankton will be physically incapable of ingesting (Watson and McCauley 1988) . This effect is consistent with the overall zooplankton communities observed in this study. In general, copepods, which are raptorial or suspension-feeders (Barnett et al. 2007) , were more than twice as abundant as their filter-feeding cladoceran counterparts, a pattern consistent with previous observations of significant declines in filter-feeding zooplankton with increasing nutrient concentrations (Jeppesen et al. 2000a) .
If Cyanobacteria represent a poor or inedible food source to zooplankton, their increasing abundance should lead to decreasing Z:P. Conversely, the removal of Cyanobacteria biomass from estimates of Z:P might result in an increase in slope because the remaining phytoplankton more accurately represents the available food source. In this study, we found that removing inedible biomass increased the Model II slope by 20% and also led to a slope with a 95% confidence interval not significantly less than unity (one). The resulting slope was more similar to regression coefficients from other studies determined from data on less productive lakes (McCauley and Kalff 1981, del Giorgio and Gasol 1995) , suggesting that future studies on pelagic food web dynamics and resource-use efficiency consider performing calculations after removing the inedible phytoplankton fraction to facilitate comparisons across lakes of differing trophic status.
This study focused on bottom-up limitation due to phytoplankton inedibility, but zooplankton biomass might also be affected by top-down control from fish (Jeppesen et al. 2000a (Jeppesen et al. , 2000b . Unfortunately, no concurrently collected data on fish are available for these lakes to explicitly test the effects of top-down regulation. Previous work, however, has shown that the lakes in this region with the highest phytoplankton biomass are dominated by benthivorous fish (e.g., Cyprinus carpio; Jackson et al. 2010 ) that generally do not prey on crustacean zooplankton as adults but may be important predators during larval stages. Additionally, benthivorous fish may stimulate phytoplankton production and suppress zooplankton grazing through nutrient and sediment resuspension (Jeppesen et al. 2000a) ; however, experimental studies have also shown the opposite effect (Parkos et al. 2003) . We cannot rule out the importance of fish in regulating zooplankton in some lakes, but, absent any data and given the mechanistic links to feeding established above, it seems more likely that zooplankton biomass is responding to bottom-up controls in most cases.
Our results suggest a strong correlation between Cyanobacteria abundance and size with Z:P, which warrants further investigation. Our findings based on field observations support experimental results suggesting that size of Cyanobacteria cells or colonies is a key mechanisms for the loss of resource use efficiency by zooplankton in these systems. Previous work has suggested that the paradox of inverted versus normal biomass pyramids in lakes could be partially explained by allochthonous carbon inputs subsidizing the bottom of the pyramid in systems with low primary productivity (del Giorgio and Gasol 1995, . We offer an alternative, and complementary, explanation from the other end of the trophic spectrum. We demonstrated that in the most productive and eutrophic systems, zooplankton biomass is orders of magnitude less than previously predicted for a given phytoplankton biomass. Z:P decelerates even more with increased phytoplankton biomass than was previously shown, and the rate of change in zooplankton with phytoplankton biomass found in other studies can only be reconciled by considering separately the fraction of edible and inedible phytoplankton in lakes.
